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Introduction
Orthogonal frequency division multiplexing (OFDM) is an effective scheme for wireless transmission over frequency-selective fading channels [1] . One of the major drawbacks in OFDM is its high peak-to-average power ratio (PAPR) which causes nonlinear distortion at the output of power amplifier. To reduce PAPR of OFDM signals, several approaches have been presented such as clipping-andfiltering (C&F) and subcarrier-phase-control [2, 3, 4, 5] . C&F is a simple technique. However, it causes nonlinear distortion which degrades bit error rate (BER) especially in the case with higher order quadrature amplitude modulation (QAM) [3] .
One of the latter approaches based on subcarrier-phase-control is selectedmapping (SLM) that reduces the probability of high peak power occurrence [4] . In SLM, the transmit sequence is converted to multiple randomized sequences and the best candidate that minimizes the PAPR is transmitted. However, the receiver needs to recover the original information from the received randomized sequence, e.g., by sending redundant side information to the receiver. As a method to recover the original data without explicit side information, a self-synchronized-scramblerbased SLM (SS-SLM) has been proposed [5] , where the transmit data sequence is randomized using a self-synchronized-scrambler. In this method, the receiver needs to use the corresponding descrambler to recover the original data from the received scrambled sequence. However, when transmission errors occur, the descrambling process causes error propagation which increases BER.
In this paper, we propose a partially self-synchronized-scrambler-based selected-mapping (PSS-SLM) where only significant bits of QAM symbols are scrambled to reduce PAPR of OFDM signal. In the proposed PSS-SLM, error propagation occurred at the descrambler is effectively mitigated when higher order modulation is used, while keeping the same PAPR reduction capability. We approximately analyze the bit error rates (BERs) of OFDM systems with PSS-SLM and clarify performance improvements of the proposed approach compared with SS-SLM.
2 Partially self-synchronized scrambler-based SLM method Fig. 1(a) shows a block diagram of OFDM system with the proposed PSS-SLM. Similarly to the general structure in SLM [4] , the transmit signal is converted to multiple randomized sequences by using a self-synchronized scrambler. Structures of the scrambler and its descrambler are illustrated in Fig. 1(b) , where the same polynomial function is used in both the scrambler and the descrambler [6] . On the transmitter side, the best signal which exhibits the minimum PAPR is selected among U candidates and then transmitted. Unlike the conventional SS-SLM that scrambles entire bits of transmit sequence, the proposed PSS-SLM works so that only the most significant bits (MSBs) of in-phase (I-phase) and quadrature-phase (Q-phase) components of each QAM symbol are transformed to a randomized one. Note that the remaining bits are not scrambled and no need exists to descramble them on the receiver side. After demodulating the received symbols at the receiver, only MSBs are descrambled to obtain the original information. Since the bit error probability for the MSBs is lower than those of the other remaining lower order bits, the probability of error propagation occurrence can be effectively decreased using the proposed method.
The details are explained as follows. Let a ¼ ða 1 ; Á Á Á ; a N b Þ and s ðuÞ ¼ ðs
Þ denote the original binary data sequence and the redundant header bits, respectively. Here, N b denotes the number of information bits per data-block. N r is the header size. Note that the header bits s ðuÞ has the same role as side-information in the general SLM. u denotes the candidate index. The maximum number of the candidates is given as U ¼ 2 N r . In Fig. 1(a) , the u-th hearer s ðuÞ is inserted into the head of the original binary sequence a so that the u-th input sequence of the scrambler is given as a ðuÞ ¼ ðs ðuÞ aÞ, u ¼ 1; Á Á Á ; U. Then, each input sequence a ðuÞ is randomized by the scrambler, where the input sequence length is N b þ N r . Since the scrambler uses a feedback-type structure, U different randomized sequences fâ ðuÞ ¼ ðâ
Þgs, u ¼ 1; Á Á Á ; U, are generated with U different header inputs followed by the same original data. The u-th candidateâ ðuÞ is mapped onto QAM symbols as X ðuÞ ¼ ðX 
The best OFDM signal which exhibits the minimum PAPR is selected among U candidates and transmitted.
Figs. 2(a) and (b) show examples of Gray-coded 16QAM symbol constellations in case with PSS-SLM and SS-SLM, respectively. In these figures, red and blue circles denote original signal point (before scrambling) and those after scrambling, respectively. As illustrated in these figures, when only MSBs are scrambled with PSS-SLM, the original signal point is transited to one of the four constellation points which correspond to the number of MSBs of I-phase and Q-phase (i.e., 2 bits). In contrast, after being scrambled with SS-SLM, the original signal point is transited to one of all sixteen constellation points. Note that U different candidate sequences can be generated even when only MSBs are scrambled as far as the number of header bits N r is greater than or equal to log 2 U. Thus, we can expect that the proposed PSS-SLM provides good PAPR reduction capability comparable to the conventional SS-SLM.
On the receiver side, after the demodulation, the information data bits are recovered by descrambling the received randomized sequence if no transmission error occurs, where the descrambler uses the same polynomial function as the scrambler. If transmission error occurs, the descrambling process causes error propagation which degrades BER performance as discussed in the next section.
Bit error rate analysis
In this section, we consider Gray-coded 16QAM as an example of the subcarrier modulation schemes. Note that discussions in this section can be extended to other QAM cases. Let M be the number of taps in the scrambler with a given scrambler polynomial function. BERs of higher order bit and lower order bit of Gray-coded 16QAM are given respectively as and 2 denotes distance between two neighboring constellation points as illustrated in Fig. 2(a) . Here,
Supposing that the descrambling process causes error propagation and increases the number of bit errors by M times greater than the ideal case (i.e., without error propagation), we can approximately give the theoretical BER of Gray-coded 16QAM with PSS-SLM in AWGN condition as
where the first and second terms of right-hand side are denoted respectively as error probabilities of higher and lower order bits in 16QAM symbols. Equation (3) shows that error probabilities of the highest order bits in I-phase and Q-phase of each modulated symbol are increased by M times compared to the ideal case. Since error rate of the highest order bits is less than that of other lower order bits (i.e., P H < P L ), it is clear that scrambling higher order bits is more effective approach than that of scrambling lower order bits.
On the other hand, we can approximately give the theoretical BER of Graycoded 16QAM with SS-SLM in AWGN condition as
Unlike the proposed PSS-SLM, Eq. (4) shows that the conventional SS-SLM increases error probabilities of both higher order bits and lower order bits by M times than the ideal case.
Performance evaluation
We evaluate the performance of OFDM systems with the proposed PSS-SLM. The number of subcarriers is 64. Subcarrier modulation scheme is QPSK, 16QAM, 64QAM, and 256QAM. Block-diagram of OFDM system is the same as that shown in Fig. 1(a) . The polynomial function used at the scrambler is gðzÞ ¼ z
The number of header bits is N r ¼ 2, 4, and 6 bits, which correspond to the number of the candidates in SLM, U ¼ 2 N r ¼ 4, 16 and 64, respectively.
We assess statistical characteristic of the instantaneous power of OFDM signals by using CCDF defined as a complementary function of cumulative distribution function. Fig. 3(a) plots CCDF of the normalized instantaneous power of the OFDM signal with the proposed PSS-SLM. For comparison purpose, we also show those of original OFDM without any PAPR reduction and case with SS-SLM, respectively. From the result, we can see that the instantaneous power at CCDF ¼ 10 À4 is reduced using the PSS-SLM by about 1.9 dB, 2.9 dB, and 3.4 dB compared with the original OFDM case, when U ¼ 4, 16, and 64, respectively. In this figure, the same results are obtained for cases with different subcarrier modulations when U is fixed. We can confirm that the proposed method achieves almost the same amount of PAPR reduction as cases with the SS-SLM. Fig. 3(b) shows BER performance of OFDM systems with PSS-SLM and SS-SLM, where QPSK/16QAM/64QAM/256QAM are used. For comparison, BER performance of ideal case, i.e. in which error propagation never occurs, is plotted. From this figure, we can confirm that theoretical BERs of OFDM with PSS-SLM and SS-SLM show good agreement with its simulation results. It can also be seen that the proposed PSS-SLM achieves better BER performance than SS-SLM in the case with 16/64/256QAM, because error propagation at the descrambler is mitigated using PSS-SLM. Note that PSS-SLM is equivalent to SS-SLM when QPSK-OFDM is used. The result shows that BER of PSS-SLM is improved as the modulation order increases. Thus, the proposed method is more effective for OFDM systems using higher order QAM.
Conclusion
In this paper, we have proposed a PSS-SLM where only MSBs of QAM symbols are scrambled to reduce PAPR of OFDM signal. We confirmed that theoretical BERs of OFDM with PSS-SLM show good agreements with simulation results. The results demonstrated that the proposed PSS-SLM achieves better BER than that of SS-SLM in QAM-OFDM systems while keeping the same PAPR reduction capability.
